In this study, suppression of thermal degradation for polyamide 6 (PA6) resin matrix in carbon fiber reinforced thermoplastic (CFRTP) using hexagonal boron nitride (h-BN) was examined. The CFRTP which was composed of h-BN powder, discontinuous carbon fiber (CF) and PA6 had superior thermal degradation resistance of interface between CF and PA6 resin matrix, compared to the conventional one composed of CF and PA6. Thermal degradation test of CFRTP was carried out by microwave irradiation. In case of the conventional CFRTP irradiated with microwave for 15 s, the thermal degradation was progressed at interface between CFs and PA6 resin matrix. On the other hand, in case of the CFRTP with h-BN, the thermal degradation of interface between CF and PA6 resin matrix was not observed after microwave irradiation for 60 s. Moreover, it was indicated that CFRTP with 2 vol.% or more h-BN took longer melting time than conventional one. It was found that the thermal conductive enhancement of resin matrix with h-BN was effective for suppressing the thermal degradation of interface between CF and TP matrix in CFRTP.
Introduction
It is known that hexagonal boron nitride (h-BN) have a platelike shape with flat surfaces corresponding to the basal planes of the hexagonal crystal structure. h-BN has high thermal conductivity and excellent high temperature reactivity as the physical properties, together with lightweight and moderate cost. Therefore, recently, many reports of high thermal conductive composite using h-BN have been published in order to improve a thermal conductive property of resin. 1) 3) Recently, carbon fiber reinforced resin composites (CFRPs) are attracting attention due to their strong mechanical and lightweight properties. Weight-saving improves energy rate for transportation equipment such as automotive and aircraft. Therefore, CFRPs are expected to adapt to transportation equipment as lightweight structure materials. 4)6) Particularly, research and development for utilizing thermoplastics (TP) as resin matrix of CFRP (to be called CFRTP) has attracted attention 7) because TP is easily able to be thermoformed. In addition, carbon powders such as discontinuous carbon fibers, carbon nanofibers 8) and carbon nanotubes 9) are attracting attention as the reinforced material for CFRTPs because high aspect fillers is able to improve mechanical properties. 8),10),11) However, it is known that the interface between CF and TP matrix in CFRTP is easily damaged because CF in CFRTP is heated by electric charge such as thunder or static electricity. 12) Thermal conductivity of TP matrix is much lower than CF. The thermal conductivities of TP and CF are ca. 0.2 and 10 W m ¹1 K ¹1 , respectively. Thus, the heat is confined to interfacial surface between CF and TP matrix if CFs in CFRTP is heated, indicating that thermal degradation of TP matrix is occurred at the interface between CFs and TP matrix in CFRTP.
In this study, we investigated the effect of thermal conductivity for suppressing thermal degradation of interface between CF and TP matrix in CFRTP composed of discontinuous carbon fiber, PA6 and h-BN as a thermal conductive ceramic powder. Moreover, we determined the addition amount of h-BN powder and the degree of thermal conductivity required for suppression of thermal degradation of CFRTP.
Experimental procedure 2.1 Materials
All materials were used as a received without further purification. Discontinuous carbon fiber (CF, TORAYCA MLD-1000; average fiber length:150¯m) was obtained from Toray Industries, Inc. Polyamide 6 (PA6, AMILAN CM1017) was used as TP matrix of CFRTP that was purchased from Toray Industries, Inc. Hexagonal boron nitride (h-BN, UHP-1) powder was obtained from Showa Denko K. K.
Preparation of CFRTPs
CF and h-BN powders were mixed with PA6 at 230°C by using uniaxial kneading machine (IMC-TAD3, Imoto Machinery Co., LTD.). The rotational speed of the screw was adjusted to be 20 rpm. The amount of h-BN powder in CFRTP matrix was adjusted to be 0.5, 1, 3, 5 and 10 vol.%. The amount of CF was adjusted to be 10 vol.% for examining the effect of thermal conductivity of matrix in CFRTP. After kneading, the pellets were pressed into 10 mm in diameter at 230°C. The thickness was adjusted to be 1 mm.
Characterization
The crystal condition of h-BN before and after kneading was evaluated by Raman spectroscopy (inVia Raman Microscope, RENISHAW K.K., 514.5 nm in excitation wavelength) and X-ray powder diffraction (RINT-2550/PC, RIGAKU Co., Cu K¡ line). The kneaded h-BN powder was extracted from h-BN/PA6 composite by formic acid. Thermal conductivity of CFRTPs was investigated using laser flash equipment (TC-7000, ULVAC, Inc.). Thermal degradation of CFRTP was observed by scanning electron microscopy (S4300, HITACHI Ltd., 10 kV). Apparent density of CFRTPs was measured by Archimedian method (AX204, METTLER TOLEDO International Inc.).
By microwave irradiation, electric charge generated in CF is easily converted into heat. Therefore, thermal degradation test for interface between CF and TP matrix in CFRTP was carried out using microwave oven at 1.6 kW power 2.45 GHz frequency (EM-1605, SANYO Electric Co., Ltd.) and single-mode microwave applicator at 10 W power 2.45 GHz frequency (FDU-201VP-07, Fuji Electronic Industrial Co., Ltd.). Dielectric constant of h-BN and PA6 resin is lower than one of CF. 13)15) Therefore, CF is selectively heated in CFRTP by absorption of microwave. In this work, h-BN powder was used as thermal conductive filler in resin matrix in order to heat only the CF in CFRTP. Furthermore, the melting time of microwave-irradiated CFRTP was determined by visual observation using a digital camera (¡65, SONY Co.). Table 1 shows the analysis results of crystalline states of h-BN powder before and after kneading with PA6 at 20 rpm at 230°C, which were measured by Raman spectroscopy and X-ray powder diffraction. h-BN has a single Raman-band at 1365 cm ¹1 , which is in-plane vibration mode. 16) Full width at half maximum (FWHM) of as-received h-BN powder (before kneading) was 4.8 cm ¹1 . In case of h-BN powder kneaded with PA6, the FWHM was 5.5 cm ¹1 . The crystallite sizes estimated from on d 100 (aaxis) of h-BN before and after kneading were 76 and 78 nm, meaning that the crystalline state was not affected by kneading h-BN with PA6. Figure 1 (a) shows photographs of conventional CFRTP and CFRTP with 10 vol.% h-BN after microwave irradiation for different times at 1.6 kW power with microwave oven. Microwave irradiation times were performed at 15, 30 and 60 s in case of the conventional CFRTP, whereas the CFRTP with h-BN was irradiated at 60 and 120 s by microwave. Apparently, it was observed that the conventional CFRTP without h-BN was not melted by microwave irradiation for 15 s. By microwave irradiation for 30 s, only the central part of conventional CFRTP was melted. Moreover, by microwave irradiation for 60 s, the conventional CFRTP was burned by rapid heating of CFs. On the other hand, it was observed that the CFRTP with h-BN was not melted by microwave irradiation for 60 s, which was long time compared to the conventional CFRTP without h-BN. However, it was observed that the CFRTP with h-BN, which led to the enhancement of thermal conductivity on matrix, was melted a whole by microwave irradiation for 120 s. The phenomenon might be caused that the heat was conducted to the entire CFRTP through the matrix from CFs heated by microwave irradiation. This result clearly indicates that CFRTP with h-BN, which the thermal conductivity of matrix was enhanced by addition of h-BN powder, has superior thermal resistance to the conventional one. Figures 1(b)1(d) show the fractural images of conventional CFRTP irradiated with microwave for 15 s (b, c) and CFRTP with h-BN irradiated by microwave for 60 s (d) at 1.6 kW power with microwave oven. In case of the conventional CFRTP, apparently, it was observed that the compact was not melted by microwave irradiation for 15 s [ Fig. 1(a) ]. However, by observation of microstructure, it was found that voids were appeared at the interface between CFs and PA6 resin [ Figs. 1(b), 1(c) ]. On the other hand, in case of the CFRTP with h-BN irradiated by microwave for 60 s, the voids were not observed at the interface between CFs and PA6 resin matrix [ Fig. 1(d) ]. Figure 2 shows the apparent density of conventional CFRTP and CFRTP with h-BN before and after microwave irradiation at 1.6 kW power with microwave oven. The apparent density of conventional CFRTP was decreased from 1.20 to 1.13 g cm ¹3 by microwave irradiation for 15 s. In contrast, in case of the CFRTP with h-BN before and after microwave irradiation for 60 s, the apparent density was constant at 1.30 g cm ¹3 . The heat of carbon fibers which were heated by microwave irradiation was conducted throughout the CFRTP matrix by addition of thermal conductive h-BN powder in PA6 resin matrix, indicating that the suppression of thermal degradation in CFRTP was occurred. It is effective for suppression of thermal degradation in CFRTP to enhance thermal conductivity of matrix using ceramic powder with high thermal conductive property. Table 2 shows thermal conductivities of PA6, 10 vol.% h-BN/ PA6 composite, conventional CFRTP without h-BN, and CFRTP with 10 vol. % h-BN, respectively. The thermal conductivities of PA6 and 10 vol.% h-BN/PA6 composite were 0.25 and 0.67 W m ¹1 K ¹1 , respectively. The conventional CFRTP without h-BN before and after microwave irradiation for 15 s represented the thermal conductivities of 0.57 and 0.51 W m ¹1 K ¹1 , indicating that the decrease of thermal conductivity was occurred by thermal degradation of resin matrix during microwave irradiation. On the other hand, in case of the CFRTP with h-BN, the thermal conductivities were 0.96 and 0.98 W m ¹1 K ¹1 before and after microwave irradiation for 60 s, respectively. The thermal conductivity of CFRTP with h-BN after microwave irradiation was identical to one before microwave irradiation. From these results, it was found that the matrix of CFRTP with h-BN powder improved thermal resistance with compared to the one of conventional CFRTP without h-BN, indicating to suppress thermal decomposition of CFRTP by thermal conductive improvement of matrix.
Results and discussion
To study the thermal conductivity in matrix for suppressing the thermal degradation, CFRTPs which was composed of different h-BN amount were prepared and were irradiated by microwave at 10 W power with a single-mode microwave applicator. Figure 3 shows the thermal conductivity and the melting time of microwave-irradiated CFRTP as a function of h-BN contents in CFRTP. The thermal conductivities of conventional CFRTP without h-BN and CFRTP with 0.12 vol.% h-BN were almost identical value of 0.53 W m ¹1 K ¹1 . In case of CFRTP with 2 10 vol.% h-BN, the thermal conductivity linearly increased from 0.53 to 0.96 W m ¹1 K ¹1 . Moreover, the melting time of CFRTP with h-BN became long from 97 to 112 s with increasing the thermal conductivity of CFRTP, meaning that the formation of thermal conductive passes between h-BN and discontinuous CFs in CFRTP was occurred by increasing the amount of h-BN.
We have demonstrated the effect of thermal conductivity in matrix for thermal degradation of CFRTP. The addition of h-BN as a thermal conductive powder in CFRTP matrix was effective to suppress the thermal degradation. Further studies on CFRTP manufacturing process using thermal conductive matrix with h-BN powder will be necessary.
Conclusion
In this study, we investigated the suppressive effect of thermal degradation on CFRTP which was composed of CFs, PA6 and h-BN as thermal conductive ceramic powder. The use of h-BN in CFRTP matrix was found to be very effective for suppressing the thermal degradation of interface between CF and resin matrix in CFRTP. In particular, the thermal degradation of CFRTP was found to be suppressed to enhance the thermal conductivity of CFRTP matrix by increasing the amount of h-BN powder. One important consequence of the present study is that thermal conductive ceramic powder is useful for suppression of thermal degradation of thermoplastics in CFRTP. 
